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MHD SIMULATION OF DEUTERIUM-FIBER-INITIATED
Z-PINCHES WITH TWO-FLUID EFFECTS

Peter Sheehey
Department of Physics, University of California
Los Angeles, California 90024 USA

Irvin R. Lindemuth
Los Alamos National Laboratory
Los Alamos, New Mexico 87545 USA

ABSTRACT

Two-dimensional “cold-start” resistive MHD computations of formation
and evolution of deuterium-fiber-initiated Z-pinches ¥ have been extended to
include separate ion and electron energy equations and finite-Larmor-radius
ordered terms™®. In the Ohm’s Law (magnetic field evolution) equation, Hall
and diamaguetic pressure terins have been added, and corresponding terms have
been added to the energy equations. Comparison is made of the results of these
computations with previous computations and with experiment?.

INTRODUCTION

Deuterinm-fiber-initiated Z-j inch experiments, with current peaks up to
about 600 kA, reported very long-lived, compact plasmas showing little indica-
tion of disruption by m=0 “sausage” or m=1 “kink” instabilitics®=* Second-
generation machines™ ™! have been designed to reach the Pease-Braginskii cur-
rent (about 1.4 MA for deuterium)!!'="in the hope that fusion conditions
could be approached, if the earlier observed “anomalous stability™ were to hold.
Discharges at greater than half Pease-Braginskii current (700-900 kA)™?, how-
ever, have shown stronger indication of expansion and m=0 instability growth.
We have done extensive computitionn] modeling!? of low- and high-current
deuteriume fiber-initiated experiments on the Los Alamos machines HDZP-17#
and TR Here we present some results of the extension of our computational
model to include: 1) separate ion and electron energy equations; 2) Hall and
diamaguetic pressure terms in the magnetic field evolution equation.

First, a brief discussion of the scope of the computationr] problem: For a
significant fraction of its lifetime, n fiber initiated Z-pinel plasma meets elassi
cal requirements for deseription as ¢ magnetohydrodynumic (MHD) fluid (e.p.,
ion-ion collision time < ion thermal transit time)?2™, Furthermore, the con
sisteat (hut so for unexpliined) observation that three dimensional belinvior
(c.g.. growth of m--1 “kink” instabtlitiex) is virtuadly absent i such exper
iments (dingnostic images are highly svmmetric about the axis)® ¥ gives us
some confidence in the results of MHD simulation in only two dimensions, This
is fortunate, beenuse the inclusion of vital experimental and physies details dis
cussed helow would wt present mnke full 3 d simulation prohibitively expensive,

Linear ideal MHID stability theory for a7 pinch plasmn in general pre
diets jnstability to “snusnge™ (0 0) nnd “kink” (me 1) modes'™. However, the



growth rate of such instabilities is dependent on radial pressure profiles of the
plasma; indeed, “Kadomtsev” profiles exist which are m=0 stable. Any actual
experiment is likely to move *hrough several non-ideal regimes (e.g., resistive
MHD, Hall MHD), as density, temperature, etc., vary during the di~charge;
nonlinear effects, as wcll, are likely to be encounterad.

Therefore, it is highly desirable to simulate such experiments startir # ‘rom
time zero (zero current, frozen fiber) if possible, in order for realistic plasma
profiles to forrn and develop linearly/nonlinearly, as they will. Energy terms
such as thermal conduction, Joule heating and radiatior are clearly going to be
important. The plasma column must be free to develop as if in vacuum, without
the influence of an unrealistically confining or insufficiently resolved grid.

METHOD

The computations reported here are an extension of previous one-'® and
two-dimensional’? deuterium-fiber-initiated Z-pinch modeling. We have used
an alternating- direction-implicit numerical method, utilizing Newton-Raphson-
like iteration to deal with nonlincar quantities, to sol e the two-dimensior:al (r,z)
MHD equations for mass density, specific internal energy, azimuthal magnetic
ficld, and perpendiculas velocity (v, v;)!7:
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where pois mass density, © s veloeity, b is maguetie field, j( v X B/;tu)
15 clectrieal current density, ¢ is specifie internal energy, pis pressure, T is
tempernture, (. is rndintive energy loss, 5 is electrieal resistivity, and x| is
(perpendicular) vhermal conductivity, To obtain the equation of state (spe
cific energy and pressure). the onization level, the radintive energy loss, and
the resistivity, we use the Los Alianos SESAME!™ tabulated atomic data base
con,puter library. Thermal conductivity follows Braginskii'”.

Ior two temperpture runs, tie nbove total energy equation is replaeed by,

separnt e ion and electron energy equations:
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where €4, Pa, Ta, and K, 4 refer to the appropnate ion or electron quantities,
Q.i is the electron-ion energy equilibration term, and Q,poct is an ion shock-
heating term. Because of problems encountered with the SESAME electron
and ion equations of state at very low temperatures, it was necessary to use
ideal gas equations of state; in one-temperature runs, this was found to have
no major effect on the results, compared to SESAME one-temperature runs.
Resistivity, radiation loss, and ionization level were still taken from SESAME.

Hall MHD runs replace the above magnetic field evolution equation with:
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where n, is electron number density and e is the charge magnitude of the elec-
tron. It was found that the Hall (7 X (J x B/n.)) term acted as a strong nonlin-
ear magnctic ficld convection operz.‘or, destabilizing the usual time- and space-
centered alternating-direction-implicit algorithm. A stable adaptation of the
algorithm was developed by treating the effective convective velocity (propor-
tional to J /n.) explicitly and using a donor-cell (but still time-centered) treat-
ment of the B convected. This two-dimensional Hall MHD program was suc-
cessfully tested on the Kingsep-Mokhov-Chukbar magnetic penetration problem
discussed by Mason?®, To preserve total energy conservation, a term comple-
mentary to the diamagnetic pressure term was added to the total energy equa-
tion: p, -(—-j/f'n,). Hall MHD runs to date have not yet been done with the
two-temperature model, although we expect to do this shortly.

Actual experiinental current vs. time values provide the boundary condi-
tion for maguetic ficld at the outer radial wall. “Cold-start” initial conditions
are a solid, cryogenie denterium fiber, surrounded to about twice the fiber ra-
dius by a low density, “warm” halo plasma (density 107 xsolid, temperature 1
eV), which provides an initial curreut conduction path. Qur computed results
are insensitive to the details of this halo plasma after o short-lived (10 nsec)
tramsicnt, because of the small mass involved relative to the fiber-generated
plasma.  The surrounding vacnum is simulated by a cold, very low density
region extending out to a zero-temperature, electrically insulating wall. The
enrly fiber-nblation stage of the discharge necessitates relatively fine radial grid
spacing, but becnuse this stage can be followed by an explosive expansion of
the heating plasina, the radial grid is checked at ench timestep, and adjusted
so that the onter boundary v always ot least 150% of the radius within which
95% of the total nxinl current s contnined.

Radinl grids of ~100 points, more finely spaced near the axis to better
resolve the fiber/plsma column, cover aradiug ns small ns 1 am, but altimately
ns large as several emy if ropid expansion is followed. In the original, single
tempernture MHD runs, axind sections from 2 em down 1o 0.20 mm, covered with
uniformly spaeed nxinl grids of 31 to 62 points, were used, respeetively enpable
of resolving the Jargest (X ray “hends™ ) and smnllest (shadowgram “spicules™)
fentures observed in nny of the experiment:. Although the smndlest, most finely



resolved grids did show fine-scale instability growth starting earlier than the
larger grids, saturation of shorter wavelengths resulted in larger grids ultimately
showing faster expansion. Hence the timing of instability development and
expansion varied by as much as 20 nsec for different grid sizes, but this is
comparable to experimenial timing uncertainties (e.g., the relation between
driving voltage, current, and diagnostic images in time). Extended model runs
to date have only been done with 1 mm and 1 em, 31-point axial grids; more
complete coverage of potential instability scales is planned.

RESULTS

Our single-temperature MHD simulations of the Los Alamos experiments
HDZP-1 (250 kA peak at 125 nsec)!*” and HDZP-II (750 kA peak at 100
nsec)?%® showed early development of m=0 instabilities in the plasma corona,
which carries most of the current as the fiber ablates. These instabilities, and
associated expansion of the plasma column in terms of mass or current, were
not well reflected in the shadowgram images of the early experiment (Fig. 1(a-
d)). The later, higher-curent experiment HDZP-11 reached complete ionization
of the fiber much more quickly, at which point full nonlinear instability devel-
opment led to iutense nonuniform heating and rapid expansion of the plasma
column (Fig. 2(n-d)). The agreement between simulation-generated diagnos-
tic images (shadowgrams and interferograms), and actual experimental data, is
strong. The variations we have modeled to date in fiber thickness, current ramp,
and plasina initintion show some differences in timing of the instability-driven
expansion, but expansion soon after complete ionization always appears.

As temperatures rise and density drops (e.g., in narrow m=0 “necks”), the
appropriateness of the collisional fluid model (requiring ion-ion collision time
< ion thermal transit time)2'™ breaks down. Even before this, however, is lost,
the more stringent requirement for ion-electron energy equilibration:

: "
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Simulation results with two energy equations were fundamentally similar to
those with only one tempernture. An interesting detail was goted: Early in
the discharge (and always in 1 d simulations), electron temperatare, driven by
olmie heating, remnined above or equal to ion temperature, When the 2 d
ruts hegan to show drastic nonlinear instability development (such as in Fig.
2), shork hienting ol ons associnted with steep veloeity gradients beeame dom
inant, cnnsingg 1on terperatures to significanily exceed clectron temperntures,
both penk (Fig. 3(n)) md avernge (Fig 3(h)). Henee aninstability henting,
mechanism mny be further contributing, to plasma colnnn expansion,

The Hall and dimnngnetic pressure terms nre usually ordered ont of the
fluid model on the basis of small relntive Larmor rading’, Haines and others?4
hinve noted that these terms may indeed not be siall i the ense of the 7 pineh,
with its lield nall on nxis; ns well, there may be regions in the low density coronal



plasmas generally seen in our simulations {parucularly in areas of high electron
density gradient) where these terms will be important. In our simulations with
these terms, we do see small-wavelength instabilities appear at the edge of
the plasma corona, before any instabilities were seen in the simple MHD runs
(Fig. 4(a-b)). However, the ultimate pattern of instability-driven heating and
expansion is still seen in the Hall runs done to date. There is a strong convection
of magnetic ficld in the axial (current) direction, leading to a visible depletion
of field at the cathode and build-up at the anode. Although something like this
might actually occur at the true experimental axial boundaries, it is probably
unrealistic at computational “mirror” boundaries only 1 mm apart. We may
implement periodic axial boundary conditions, in order to allow a more realistic
field flow through the computational axial scction taken, in addition to doing a
varicty of axial section lengths (computing an actual 5-cm axial section could
be done, but would require a coarse axial grid which would potentially suppress
small-wavelength instabilities).

There are other fluid terms of finite-Larmor-radius order: the transverse
thermoclectric (Nernst and Ettinghausen) effects, an energy convection by (elec-
tron) current term, and terms in the viscous stress tensor. We hope to imple-
ment the first two of these soon, although as we found with the Hall term, new
physics may entail new numerical difficulties of unknown severity. Within the
collisional fluid regime treated here, we argue that viscous stress will be neg-
ligible relative to pressure gradient effects'. Such an argument may not hold
in the “collisionless MHD™ regiine, in which experiments proposed by Haines
and others!™! are purported to dwell. A further extension of the present work
would be into the “collisionless MHD” regime, perlinps following an experimen-
tal plasma as it passes from collisional to collisionless,

A fiber-initinted Z-pinch plasma may provide an appropriately heated and
magnetized plasma for implosion inside a heavy liner to fusion conditions, in a
“magnetized target fusion”™ scheme, In addition, implosion of a hollow, initinlly
solid deuteriumn eylinder by a fiber-Z-pinch-style fast current rnmp may be a
route to fusion that avoids the instability problems seen in the fiber Z-pinches
sitnulated here. We are employing the computational tools developed for the
work reported here in the evaluation of these relnted concepts.

CONCLUSIONS

Detailed two-dimensional MHD simulations of deuterin fiber Z- pinches
hanve shown good agreement to the Los Alamos experiments HDZP-1 and HDZP-
I, Lnte oo low current nnd early in higher current experiments, when the liber
has become fully tonized, m -0 instabilities develop rapidly, and deive intense
nonuniform heating and rapid expansion of the plasmn column, dropping den
sities orders of magnitude below the high densities desiced for fusion condi
tions. We believe the “cold staet” appronch taken here is vital to the realistic
simulation of sucli experiments, duae to the elose tie between plasma vrofiles
and stability, Tnelusion of the finite Laemor radivs effeets nod two tempernture
model prevented here does not change these basie conclusions. If nnoex eriment.



is to reach potentially stabilizing conditions in a “collisionless MHD” or other
regime, it would appear desirable to avoid the dangerously unstable collisional
MHD area explored in our simulations. Fiber-initiated Z-pinches may have
potertial in magnetized target fusion and related concepts.
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Fig. 1 (a) Experimental shadowgrams, HDZP-: left-
hand image, ~30 nsec (~50 kA); right-hand image,
~40 nsec ( ~685 kA); each grid block is 0.1 mm square;
(b) Simulation shadowgram from section of same size
as 1(n), HDZP-I, 30 nsec (50 kA); (c) Corresponding
simulation density contours, 30 nsec (50 kA); right-
? most contour contains 95% of the total mass; (d) Sim-
ulatior axial current contours, 30 nsec (50 kA); right-
most contour contains 85% of the total axial current.
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Fig. 2 (s) Experimenta! interferogram, HDZP-II, ~20
nsec (~200 kA); each grid block is 0.25 mm square; (b)
Simulation Interferogram, HDZP-II, 32 nsec (230 kA);
(c) Simulation density contours, HDZP-1, 50 nsec (85
kA); (d) Sirulation axial current contours, HDZP-I,
80 nsec (85 kA). :
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